Heat shock protein 90 (HSP90) is a ubiquitously expressed ATP-dependent molecular chaperone that is evolutionarily highly conserved ([@bib32]). In an unstressed eukaryotic cell, 1--2% of the cytosolic protein pool is comprised of HSP90, making it one of the most abundant cellular proteins ([@bib39]). HSP90 and its co-chaperones, collectively known as the HSP90 complex machinery, are involved in the correct folding, stabilisation, and activation of a broad range of approximately 200 'client\' proteins. Under normal conditions, the HSP90 complex machinery follows a dynamic chaperone cycle using the energy of ATP hydrolysis to fold proteins, which participate in trafficking, signal transduction, receptor maturation, and immunity. Furthermore, HSP90 is vital for the cellular responses to environmental changes, preserving the integrity of the proteome under conditions of stress ([@bib39]). Very recently, using *C. elegans* as a model organism, it was found that activation of HSP90 in response to an imbalance in proteostasis in one tissue functions in a cell-nonautonomous manner to initiate a protective response in adjacent tissues and restore the balance within the whole organism ([@bib41]).

In addition to its critical functions in the normal cell, HSP90 also acts as a molecular chaperone for a large number of oncogenic client proteins ([@bib44]). One such client protein is HER2, a receptor tyrosine kinase that has an important role in cell growth and survival through regulating signal transduction pathways such as the mitogen-activated protein kinase (MAPK) pathway. Overexpression of HER2 has been linked to malignant transformation ([@bib47]). Another client protein, the serine/threonine kinase RAF1, functions as a molecular link between the membrane-bound Ras GTPases and the MAPK signalling cascade, hence serving as a regulatory switch for cell fate decisions such as apoptosis and proliferation ([@bib8]). Many of the HSP90 client oncoproteins are mutant versions and rely on the chaperone for their stability. Furthermore, compared with normal cells, cancer cells are subject to increased cellular stress such as hypoxia and acidosis, and hence are more heavily dependent on the HSP90 complex machinery to survive. Not surprisingly, cancer cells often have increased amounts of HSP90 contributing to 3--5% of the total amount of protein ([@bib19]). This highlights the importance of targeting HSP90 in cancer, and the development of HSP90 inhibitors for cancer treatment is actively being pursued ([@bib40]).

The naturally occurring benzoquinone ansamycin antibiotic geldanamycin (GA), its derivative 17-allylamino-17-demethoxygeldanamycin (17-AAG), and several purine scaffold-based HSP90 inhibitors, target the ATP-binding pocket within the N-terminal domain of the chaperone ([Figure 1A;](#fig1){ref-type="fig"} [@bib18]). In contrast, the antibiotic novobiocin and its analogues, and the chemotherapeutic agent cisplatin, target the C-terminal domain of HSP90 ([@bib15]; [@bib21]; [@bib34]; [@bib50]). It has been speculated that, in addition to competing with ATP for binding to the N-terminal domain of HSP90, inhibitors such as GA and 17-AAG, because of the electrophilic properties of their benzoquinone moiety, may have the ability to react with cysteine residues of HSP90 and cause conformational changes that could further hinder the function of the chaperone ([@bib3]). Modifications of cysteine residues of HSP90 by sulphhydryl-reactive small molecules have been shown to occur both *in vitro* and *in vivo* ([@bib28]; [@bib7]; [@bib22]; [@bib36]). HSP90 is among the proteins that are modified by the electrophilic lipid peroxidation product 4-hydroxy-2-nonenal ([@bib16], [@bib17]; [@bib37]) and by its azido- and alkynyl-tagged derivatives ([@bib42]). As all cysteines of HSP90 are located within its middle domain, small molecules that react with those cysteines may represent a new class of inhibitors distinct from those that target either the N-terminal ATP-binding pocket or the C-terminal domain of the chaperone.

It was previously shown that cysteine residues of coenzyme A (CoA)-utilising enzymes can be selectively targeted by a mildly electrophilic sulphoxythiocarbamate-CoA analogue with the formation of stable thiocarbamate adducts ([@bib14]). Subsequently, a series of sulphoxythiocarbamate compounds were synthesised based on the structure of the isothiocyanate sulphoraphane, one of the most potent naturally occurring inducers of the cytoprotective KEAP1/NRF2 pathway ([@bib1]). In addition to the KEAP1/NRF2 pathway, sulphoxythiocarbamate alkyne (STCA) also induces HSP70, a prototypic heat shock protein ([@bib49]). Induction of HSP70 by STCA is independent of NRF2 and KEAP1, but requires heat shock factor 1 (HSF1). One possible mechanism of activation of HSF1 by STCA is through binding and inhibiting HSP90 or HSP70, the major negative regulators of HSF1. Indeed, using a mass spectrometry-based proteomic approach, we identified HSP90 and HSP70 among the proteins modified when cells were exposed to STCA ([@bib1]). We further confirmed that HSP90 is a *bona fide* cellular target of STCA by immunoprecipitation-western blot analysis ([@bib49]), whereas under identical experimental conditions, we were unable to detect STCA-labelled HSP70. This finding suggests that STCA may inhibit the function of HSP90. In this study, we address this possibility and describe a new class of sulphoxythiocarbamate small-molecule inhibitors of HSP90 that, by virtue of their sulphhydryl reactivity, target HSP90 to cause destabilisation of its client oncoproteins and inhibit cell proliferation.

Materials and methods
=====================

Chemicals and reagents
----------------------

The detailed chemical synthesis of all new compounds is described in [Supplementary Online Material](#sup1){ref-type="supplementary-material"}. All general chemicals and reagents were of analytical grade and obtained from Sigma-Aldrich (Dorset, UK and Milwaukee, WI, USA).

HSP90 expression and purification
---------------------------------

Human HSP90β clone was kindly provided by Dr Anutosh Chakraborty and Dr Solomon H Snyder (Johns Hopkins University). DNA-encoding full-length human HSP90β (aa 1-724) was subcloned into the pGEX 6p2 vector (GE Healthcare, Piscataway, NJ, USA) using *Sal*I and *Not*I restriction sites. The plasmid was transformed into *E. coli* BL21 (DE3) codon plus cells. Cells were grown at 37 °C in LB media until OD~600~ of 0.7, then induced at 16 °C with IPTG (0.5 m[M]{.smallcaps}) for 16 h. Cell pellets were collected by centrifugation and lysed via double-pass on French press in a lysis buffer (20 m[M]{.smallcaps} NaH~2~PO~4~-Na~2~HPO~4~, pH 7.4, 500 m[M]{.smallcaps} NaCl, 1 m[M]{.smallcaps} DTT, 1 m[M]{.smallcaps} PMSF). Cell lysates were clarified by centrifugation at 17 700  × **g**. The supernatant was loaded onto Glutathione Sepharose 4 FF (GE Healthcare) for affinity purification, washed with 1 × phosphate-buffered saline (PBS), eluted with cleavage buffer (50 m[M]{.smallcaps} Tris, pH 7.5, 50 m[M]{.smallcaps} GSH), and dialysed against 50 m[M]{.smallcaps} Tris pH 7.5, 150 m[M]{.smallcaps} NaCl, 1 m[M]{.smallcaps} DTT. GST was cleaved by precision-protease at 4 °C for 4 h. HSP90*β* was further purified on a mono-Q column (GE Healthcare) equilibrated with 50 m[M]{.smallcaps} Tris pH 7.5. Bound protein was eluted with a linear salt gradient over 240 ml from 0 to 1 [M]{.smallcaps} NaCl. Protein purity was determined by SDS--PAGE.

HSP90 trypsin digestion, avidin purification, and MALDI-mass spectrometry of peptides modified by STCA
------------------------------------------------------------------------------------------------------

Purified HSP90β (*ca* 70 *μ*[M]{.smallcaps}) in 40 m[M]{.smallcaps} HEPES, pH 7.5, 20 m[M]{.smallcaps} KCl, 1 m[M]{.smallcaps} TCEP was incubated with STCA (1.3 m[M]{.smallcaps}) or vehicle (acetonitrile, 0.1%, v/v) at 25 °C for 2 h, and dialysed against 40 m[M]{.smallcaps} HEPES, pH 7.5, 20 m[M]{.smallcaps} KCl, 0.5 m[M]{.smallcaps} TCEP to remove the remaining STCA. The dialysate was then subjected to click reaction in a solution containing biotin azide (0.2 m[M]{.smallcaps}), TCEP (1 m[M]{.smallcaps}), TBTA (0.2 m[M]{.smallcaps}), CuSO~4~ (1 m[M]{.smallcaps}) at room temperature for 1.5 h. Any precipitate was pelleted by centrifugation, dissolved in 8 [M]{.smallcaps} urea, and recombined to the solution. The click reaction solution was extensively dialysed against 100 m[M]{.smallcaps} Tris HCl, pH 7.5 to remove small molecules. The dialysate containing HSP90β (120 *μ*g) was then treated with DTT (5 m[M]{.smallcaps}) at 37 °C for 30 min, alkylated by iodoacetamide (15 m[M]{.smallcaps}) at 37 °C for 30 min, quenched by additional DTT (15 m[M]{.smallcaps}), and digested with trypsin (6 *μ*g), with addition of 10% acetonitrile. The digest was diluted 10 times with 100 m[M]{.smallcaps} Tris HCl, and incubated with monomeric avidin-agarose (Pierce, Rockford, IL USA) at room temperature for 2 h. The beads were washed sequentially with 1 × TBST (50 m[M]{.smallcaps} Tris pH 7.5, 150 m[M]{.smallcaps} NaCl, 0.1% Tween), 1 × TBS, and water. Bound peptides were eluted with 0.5 [M]{.smallcaps} aq. acetic acid, lyophilised, and redissolved in 0.1% TFA/water. Eluted peptides were co-crystallised in *α*-cyano-4-hydroxycinnamic acid (10 mg ml^--1^ in 50% acetonitrile/0.1% TFA) and analysed by matrix-assisted laser desorption ionisation time-of-flight (MALDI-TOF) on a Voyager DE STR using Voyager Instrument Control Panel (v5.1) and Data Explorer (v4.0) (Applied Biosystems, [www.appliedbiosystems.com](http://www.appliedbiosystems.com)).

Cell culture
------------

The human breast cancer cell lines MCF7 and MDA-MB-231 were generous gifts from Dr Colin J Henderson and Dr Andrew South (University of Dundee). The human cervical cancer cell line HeLa and the human osteosarcoma cell line U2OS were kind gifts from Dr Sonia Rocha (University of Dundee). The HeLa-luc cell line was developed in the laboratory of Dr Richard I Morimoto (Northwestern University; [@bib6]). All cell lines were cultured in Dulbecco\'s modified Eagle medium (DMEM) supplemented with 10% (v/v) heat-inactivated FBS. The medium for the MCF7 cells also contained 1% glutamine (Invitrogen), whereas the medium for the HeLa-luc cells was supplemented with 100 *μ*g ml^--1^ G418 (Invitrogen, Paisley, UK). Mouse embryonic fibroblasts (MEFs), from wild-type (WT) or HSF1-knockout (HSF1-KO) mice ([@bib46]), were cultured in DMEM supplemented with 10% (v/v) heat-inactivated FBS, non-essential amino acids, and 50 U ml^--1^ penicillin/streptomycin. Cells were maintained at 5% CO~2~ in air at 37 °C.

ATP-binding assay
-----------------

MCF7 cells (0.5 × 10^6^) growing in 6-cm dishes were treated with either 0.1% (v/v) acetonitrile (vehicle for STCA), 75 *μ*[M]{.smallcaps} STCA, 0.1% DMSO (vehicle for GA and celastrol), 1 *μ*[M]{.smallcaps} GA, or 0.8 *μ*[M]{.smallcaps} celastrol for 24 h. Cells were then scraped into 300 *μ*l of lysis buffer (10 m[M]{.smallcaps} Tris pH 7.5, 150 m[M]{.smallcaps} NaCl, 0.25% NP40, with one protease inhibitor tablet (Roche, Welwyn Garden City, UK) per 10.0 ml of buffer), frozen, thawed, and lysed for 30 min at 4 °C. ATP-agarose beads (Jena Bioscience, Jena, Germany) were washed with the incubation buffer (10 m[M]{.smallcaps} Tris pH 7.5, 150 m[M]{.smallcaps} NaCl, 20 m[M]{.smallcaps} MgCl~2~, 0.05% NP40, 1 m[M]{.smallcaps} DTT), and 200 *μ*g of protein from each sample was added to a suspension of 30 *μ*l of beads in 1.25 ml of buffer. The samples were incubated rotating overnight at 4 °C. The beads were collected by centrifugation, washed three times with the incubation buffer, 10 *μ*l of SDS loading buffer, and 40 *μ*l of the incubation buffer were added, and the samples were incubated for 5 min at 100 °C. The beads were pelleted by centrifugation, and the supernatants were collected and subjected to western blot analysis.

Western blotting
----------------

Cells were washed twice with PBS and lysed in RIPA buffer (50 m[M]{.smallcaps} Tris-Cl pH 7.5, 150 m[M]{.smallcaps} NaCl, 0.5% sodium deoxycholate, 1% NP-40, 0.1% SDS, and 1 m[M]{.smallcaps} EDTA), containing 1 protease inhibitor cocktail tablet (Roche) per 10 ml of buffer. The lysates (300 *μ*l or 150 *μ*l for each 6-cm dish or well of a six-well plate, respectively) were transferred into 1.5-ml Eppendorf tubes, which were placed on a rotator at 4 °C for 30 min before centrifugation at 16 300 × *g* for 10 min at 4 °C. The pellet was discarded, and the supernatant was transferred to a new tube. Protein concentrations were determined by the BCA assay (Thermo, Rockford, IL, USA). Proteins were resolved by SDS--PAGE, transferred to immobilon-P membranes, and probed with specific antibodies against HSP70 (mouse monoclonal, 1 : 1000, StressMarq, York, UK), HSP90 (mouse monoclonal, 1 : 5000, BD Biosciences, Franklin Lakes, NJ, USA), HER2 (rabbit polyclonal, 1 : 500, Millipore, Temecula, CA, USA), RAF1 (rabbit polyclonal, 1 : 200, Santa Cruz Biotechnology, Santa Cruz, CA, USA), GSK3 (mouse monoclonal, 1 : 1000, Biosource, Camarillo, CA, USA), CHK1 (mouse monoclonal, 1 : 1000, Santa Cruz Biotechnology, Camarillo, CA, USA), pS345-CHK1 (rabbit polyclonal, 1 : 1000, Cell Signaling, Danvers, MA, USA), CDK1 (rabbit polyclonal, 1 : 1000, Cell Signaling), or p53 (DO-1) (mouse monoclonal, 1 : 1000, Abcam, Cambridge, UK). Equal loading was confirmed by probing the blots with antibodies against GAPDH (rabbit polyclonal, 1 : 5000) or *β*-actin (mouse monoclonal, 1 : 10 000), both from Sigma, Dorset, UK. The intensity of each band was quantified by densitometry using ImageJ (developed by NIH, <http://rsbweb.nih.gov/ij/>), normalised against the density of the loading control, and is shown as a histogram in the [Supplementary Online Material](#sup1){ref-type="supplementary-material"}.

Quantitative RT--PCR
--------------------

The primers and probes for quantifying the levels of mRNA for hsp70a1a and hsp70a1b were from Applied Biosystems (Mm01159846_s1 and Mm03038954_s1). WT MEFs (2.1 × 10^5^ per well) in six-well plates were exposed to vehicle (0.1% acetonitrile) or increasing concentrations of each sulphoxythiocarbamate for 8 h. Cells were lysed, total RNA was extracted using RNeasy Kit (Qiagen Ltd, Manchester, UK), and 500 ng total RNA was reverse transcribed into cDNA with Omniscript Reverse Transcription Kit (Qiagen Ltd). Real-time PCR was performed on Applied Biosystems 7900HT Fast Real-Time PCR System. The data were normalised using *β*-actin (mouse ACTB, Applied Biosystems, Mm00607939_s1) as an internal control.

Caspase 3 detection and cell proliferation assay
------------------------------------------------

Activity of caspase 3 was determined by a flourometric assay (BD Biosciences). To determine cell proliferation, MCF7 (5 × 10^3^ per well) or MEF (10^4^ per well) cells were seeded in white flat-bottomed 96-well plates (Nunc). Cells were treated with 0.1% (v/v) acetonitrile (vehicle control) or increasing concentrations of sulphoxythiocarbamates for 24 or 48 h. Four hours before the end of the 24- and 48-h treatments, 10 *μ*l of Alamar Blue dye solution (AbdSerotec, Oxford, UK) was added to the media (100 *μ*l) within each well, and the plates were returned to the incubator. After 4 h, the fluorescence of the reduced probe was determined (ex. 560 nm/em. 590 nm, SpectraMax M2, Molecular Devices, Sunnyvale, CA, USA).

Luciferase assay
----------------

HeLa-luc cells (1.3 × 10^5^ per well) in 12-well plates were treated with 0.1% (v/v) acetonitrile (vehicle) or STCA for 24 h. Luciferase activity was determined as described ([@bib6]).

Statistical analysis
--------------------

All values are means±s.d. The differences between groups were determined by Student\'s *t*-test.

Results
=======

STCA destabilises the HSP90 client oncoproteins HER2 and RAF1
-------------------------------------------------------------

The identification of HSP90 as a target protein of STCA ([@bib1]; [@bib49]) suggested that sulphoxythiocarbamates may function as HSP90 inhibitors. To test this possibility, we evaluated the stability of two well-established HSP90 client oncoproteins, HER2 and RAF1. The levels of both HER2 ([Figure 1B](#fig1){ref-type="fig"}) and RAF1 ([Figure 1C](#fig1){ref-type="fig"}) were decreased after treatment of MCF7 breast cancer cells with STCA. The levels of HSP70 were correspondingly dose-dependently elevated ([Figure 1B](#fig1){ref-type="fig"}). In contrast to the destabilising effect of STCA on HER2 and RAF1, the levels of the kinases GSK3*α* and GSK3*β* were only modestly changed ([Figure 1D](#fig1){ref-type="fig"}). These results show that STCA inhibits HSP90 and leads to selective degradation of its client oncoproteins, in agreement with the recently described preferential targeting and affinity capture of tumour-enriched HSP90-oncoprotein complexes by the purine scaffold-based HSP90 inhibitor PU-H71 ([@bib27]).

Persistent activation of HER2 and RAF1 is associated with sustained proliferative signalling, one of the hallmarks of cancer ([@bib13]). Evading growth suppressors---another hallmark of cancer---is often facilitated by overexpression of mutant p53, which in turn is stabilised by HSP90 ([@bib4]). We therefore tested the possibility that STCA may also destabilise mutant p53 using MDA-MB-231 cells, which carry mutant (Arg280Lys) p53. The levels of immunologically detectable mutant p53 were decreased after 24 h of exposure to STCA in a dose-dependent manner ([Figure 1E](#fig1){ref-type="fig"}). A parallel experiment in MCF7 cells showed that, in contrast to its mutant counterpart, the levels of WT p53 were increased by STCA ([Figure 1F](#fig1){ref-type="fig"}). Accumulation of WT p53 was evident 4 h after exposure to STCA, and continued to increase at the 8-h time point ([Figure 1G](#fig1){ref-type="fig"}). These results are consistent with the previously reported opposing effects of HSP90 inhibition by GA, which downregulates mutant p53 and upregulates WT p53 ([@bib20]).

STCA causes apoptosis and decreases cell proliferation
------------------------------------------------------

To determine the functional consequences of RAF1, HER2, and mutant p53 destabilisation by STCA, we evaluated the ability of the sulphoxythiocarbamate to cause apoptosis by monitoring the activity of caspase 3. As MCF-7 cells are caspase 3-deficient, we used MDA-MB-231 cells. Compared with vehicle (control) treatment, the activity of caspase 3 was elevated by 1.5-fold 24 h after exposure to STCA ([Figure 2A](#fig2){ref-type="fig"}). Next, cell proliferation was evaluated using the probe Alamar Blue ([@bib31]). Twenty-four hours after treatment with STCA, there was a significant dose-dependent reduction in proliferation ([Figure 2B](#fig2){ref-type="fig"}), in agreement with the lower cell density that was observed in STCA-treated compared with vehicle-treated cells at the same time point ([Figure 2C](#fig2){ref-type="fig"}).

STCA does not affect the ATP-binding ability of HSP90
-----------------------------------------------------

We then addressed the mechanism of inhibition of HSP90 by STCA. To investigate whether STCA affects the ATP-binding ability of HSP90, we performed an ATP-agarose pull down assay using cell lysates from MCF7 cells that had been treated with STCA or its solvent control. We also used two other types of control treatments: one with GA, and another with celastrol, which unlike GA, has been shown to inhibit HSP90 without altering its ATP-binding ability. As expected, treatment with GA almost completely abolished the binding of HSP90 to ATP ([Figure 3](#fig3){ref-type="fig"}). In sharp contrast, neither celastrol, nor STCA had any effect on the ATP-binding ability of HSP90, strongly suggesting that STCA does not bind to the N-terminal domain of HSP90.

STCA modifies cysteine residues of HSP90
----------------------------------------

The electrophilic sulphoxythiocarbamate group of STCA reacts with nucleophilic cysteine residues in its protein targets. Human HSP90*β* contains six cysteines, which are located within its middle domain ([Figure 1A](#fig1){ref-type="fig"}). To identify which cysteines are the targets for modification by STCA, we used a protease-mass spectrometric approach by taking advantage of the alkyne group of the compound, which allows for click reaction with biotin azide. Thus, recombinant HSP90*β* was incubated with STCA, then dialysed and biotinylated by click reaction. The biotinylated STCA-labelled protein was subjected to exhaustive trypsin digestion and exposed to avidin-coated beads. The captured peptides were eluted with acetic acid and analysed by MALDI-mass spectrometry. We identified two prominent peaks that were not present in control samples ([Figure 4](#fig4){ref-type="fig"} and [Supplementary Figure 1](#sup1){ref-type="supplementary-material"}). The corresponding mass of the shorter peptide was in precise agreement with the molecular weight for modified Cys564 (m/z 1524, FENLC564\*K). The mass of the longer peptide (m/z 3146) corresponded exactly to the molecular weight for peptide LVSSC589\*C590\*IVTSTYGWTANMER, in which one cysteine was labelled with STCA, and the other with iodoacetamide. These assignments were confirmed by tandem MS analysis, which further revealed that Cys412, within the peptide C412\*LELFSELAEDK, was also labelled by STCA ([Supplementary Figure 2](#sup1){ref-type="supplementary-material"} and [Supplementary Table 1](#sup1){ref-type="supplementary-material"}). As the middle domain of HSP90 is the site of interaction with most of its client proteins ([@bib44]), it is very likely that chemical modification of cysteine residue(s) within this domain causes a conformational change, which interferes with the function of the chaperone, causing dissociation and subsequent degradation of client proteins. Notably, in human HSP90*α*, modification of Cys597 (corresponding to Cys589 in HSP90*β*) by nitric oxide has been shown to shift the conformational equilibrium of the chaperone towards the open conformation, and it has been suggested that this increases the energy barrier necessary for conformational changes within HSP90 during the ATPase cycle, thus ultimately reducing the activity of the chaperone ([@bib33]). This notion is also supported by *in silico*-based studies ([@bib25]).

STCA enhances transcription through heat shock elements (HSEs)
--------------------------------------------------------------

Because HSP90 is the major negative regulator of HSF1, activation of the transcription factor followed by HSE-dependent induction of heat shock proteins is a common consequence of inhibition of the chaperone. To test whether STCA enhances transcription through the HSE, we used the cervical cancer HeLa HSE-luciferase reporter cell line (HeLa-luc; [@bib6]). We observed a dose-dependent induction of the reporter, and the luciferase activity was elevated by 1.6-, 2-, and 2.5-fold by 25, 50, and 75 *μ*[M]{.smallcaps} STCA, respectively ([Figure 5A](#fig5){ref-type="fig"}). Western blot analysis confirmed induction of the endogenous HSP70 ([Figure 5B](#fig5){ref-type="fig"}).

Sulphoxythiocarbamates cause the HSF1-dependent upregulation of HSP70: structure--activity relationship analysis
----------------------------------------------------------------------------------------------------------------

Transcriptional activation of the heat shock response is used as a mechanistically unbiased approach to screen chemical libraries for identification of HSP90 inhibitors ([@bib35]). In addition, there is a correlation between degradation of HSP90 client proteins and induction of HSP70 in host peripheral blood lymphocytes and xenograft tumours ([@bib23]). We therefore used the HSF1-dependent induction of HSP70 as an end point to evaluate the ability of 19 sulphoxythiocarbamate analogues of STCA, including 6 new compounds, to inhibit HSP90. To simultaneously test for the involvement of HSF1 in the induction process, we chose as an experimental system MEFs isolated from WT or HSF1-KO mice. Compounds were considered inactive if no induction of HSP70 was observed at concentrations up to 50 *μ*[M]{.smallcaps}. Of the 19 sulphoxythiocarbamate compounds tested, 9 were able to induce HSP70 ([Table 1](#tbl1){ref-type="table"}). Four of these, that is, S-3, S-4, K-2, and K-3, were more potent than STCA, and they were re-tested at lower concentrations ([Figure 6A](#fig6){ref-type="fig"}). Of them, to our knowledge, compounds K-2 and S-4 are new. Induction of HSP70 by S-4 was evident at 2.5 *μ*[M]{.smallcaps}, the lowest concentration tested. In all cases, inducer activity is dependent on the presence of HSF1 and is completely abolished in HSF1-deficient cells ([Figure 6B](#fig6){ref-type="fig"}). In contrast, upregulation of NQO1, a prototypic NRF2-dependent gene, occurs in both HSF1-WT and HSF1-KO cells, in agreement with our earlier findings for STCA and three other chemically distinct inducers ([@bib49]). Notably, induction of NQO1 is evident at lower inducer concentrations compared with the concentrations, which cause HSP70 upregulation.

There were two series of sulphoxythiocarbamate compounds ([Table 1](#tbl1){ref-type="table"}): one (named K-series) containing a keto group, and the second (named S-series) containing a sulphoxide group, both groups positioned at an identical distance with respect to the electrophilic functional group. Within the K-series, the presence of an S-phenethyl group in place of an S-ethyl group decreases inducer potency by ∼10-fold (compare K-3 with K-4). However, within the S-series, the same substitution increases the inducer potency (compare S-3 with S-4, and S-1 with S-6), and S-4 is the most potent compound. Addition of a phenyl or a *tert*-butyl group in tandem to the benzyl substituent at the nitrogen was found to increase the inducer potency for both the sulphoxide and the keto series. Thus, the sulphoxide-containing S-3 and S-10 are active as HSP70 inducers, whereas S-1 is not. This potentiation effect is even more striking when the keto derivatives are compared. Indeed, K-3 induces HSP70 at a concentration of 5 *μ*[M]{.smallcaps}, whereas K-1, which only differs from K-3 by the lack of a second aromatic ring at the nitrogen substitution, is inactive. Interestingly, K-2, a dimer of K-1, induces HSP70 at a concentration of 5 *μ*[M]{.smallcaps}, indicating that the presence of two reactive centres the same molecule substantially improves the inducer potency. In addition, incorporating the reactive centre within a heterocyclic ring system confers inducer activity (compare K-6 with K-1). Finally, S-7 and S-8, compounds with long aliphatic chains adjacent to the electrophilic functional group are toxic (the protein concentration was ∼50% of the vehicle treated in samples treated with 20 *μ*[M]{.smallcaps} of S-7 and 50 *μ*[M]{.smallcaps} of S-8, respectively), but completely inactive, demonstrating that toxicity *per se* is not sufficient for induction. Cell proliferation assays confirmed these conclusions: (i) S-4 was the most potent compound both as an HSP70 inducer and as an inhibitor of cell proliferation, (ii) the more potent inducers of HSP70 were also more potent in inhibiting cell proliferation, and (iii) despite the lack of HSP70 inducer activity, S-7 and S-8 inhibited cell proliferation ([Figure 6C and D](#fig6){ref-type="fig"} and [Table 1](#tbl1){ref-type="table"}).

Sulphoxythiocarbamates cause transcriptional upregulation of *hsp70a1a* and *hsp70a1b*
--------------------------------------------------------------------------------------

The ability of STCA to induce transcription of a luciferase reporter under the control of the HSE ([Figure 5A](#fig5){ref-type="fig"}) and the requirement for HSF1 for the upregulation of HSP70 by sulphoxythiocarbamates ([Figure 6A and B](#fig6){ref-type="fig"}) implied that induction is due to enhanced transcription. To confirm and further quantify inducer potency, we determined the mRNA levels of *hsp70a1a* and *hsp70a1b*, the two most commonly inducible genes encoding HSP70. Quantitative RT--PCR analysis showed that the mRNA for both *hsp70a1a* and *hsp70a1b* increased in a dose-dependent manner after treatment with STCA, S-3, S-4, K-2, or K-3 ([Figure 7A](#fig7){ref-type="fig"}). In full agreement with the results for the HSP70 protein levels ([Figure 6A](#fig6){ref-type="fig"}), the most potent and robust inducer was S-4, and the levels of *hsp70a1a* and *hsp70a1b* were increased by 24- and 47-fold, respectively by an 8-h exposure to 10 *μ*[M]{.smallcaps} S-4. The quantitative nature of this assay allowed us to further rank the compound potencies: S-4\>K-2\>K-3\>S-3\>STCA.

S-4 inhibits HSP90 and reduces cell proliferation more potently than STCA
-------------------------------------------------------------------------

The higher potency of S-4 in inducing HSP70 compared with STCA indicated that the new compound will be more potent in inhibiting HSP90 and reducing cell proliferation. Indeed, we observed destabilisation of RAF1 and HER2 at lower concentrations of S-4 than STCA (compare [Figures 1A and B](#fig1){ref-type="fig"} and [Figure 7B](#fig7){ref-type="fig"}). In contrast, the levels of RAF1 and HER2 were not affected by K-1 or S-1, which also have no HSP70 inducer activity ([Figure 7C](#fig7){ref-type="fig"}). This effect was not limited to the breast cancer cell line MCF7, and was observed in the cervical cancer cell line HeLa, as well as in U2OS osteosarcoma cells ([Figure 7D and E](#fig7){ref-type="fig"}). In addition, the levels of the serine/threonine protein kinases CHK1 and CDK1, two other HSP90 client proteins with critical roles in the cell cycle control ([Figure 7F](#fig7){ref-type="fig"}), were also reduced by S-4, and at much lower concentrations than those of STCA. Most importantly, S-4 was more potent in inhibiting cell proliferation, with an IC~50~ value of 10 *μ*[M]{.smallcaps} compared with 74 *μ*[M]{.smallcaps} for STCA ([Figures 2B](#fig2){ref-type="fig"} and [7G](#fig7){ref-type="fig"}).

Discussion
==========

Here we report the identification of sulphhydryl-reactive sulphoxythiocarbamates as a new class of HSP90 inhibitors, which destabilise HSP90\'s client oncoproteins without interfering with the ATP-binding ability of the chaperone. Using recombinant human HSP90*β*, we showed that three of its six cysteine residues, that is, Cys412, Cys564, and one of the vicinal Cys589 or Cys590, are direct targets of these mildly electrophilic compounds. Notably, Cys412 and Cys564 are adjacent to Lys411 and Lys565, respectively. Proximity to basic amino acids lowers the *pK*~*a*~ value of the cysteine sulphhydryl group, that is, increases its reactivity ([@bib38]). In rat HSP90*β*, Cys589 and Cys590 have been shown to be highly reactive ([@bib28]). In human HSP90*α*, S-nitrosylation at Cys597 (corresponding to Cys589 in HSP90*β*) or its substitution with S-nitrosylation-mimicking residues, such as asparagine and aspartic acid, decreases the chaperone activity ([@bib22]; [@bib33]), and some of the antitumour activity of nitric oxide has been attributed to inhibition of HSP90 ([@bib24]). It is therefore highly probable that thiocarbamylation of HSP90 is responsible for the observed inhibition of the chaperone\'s function by sulphoxythiocarbamates.

In addition to inhibiting HSP90, the sulphoxythiocarbamates are multi-targeting agents and affect other stress response pathways, such as the KEAP1/NRF2 pathway. Activation of the KEAP1/NRF2 pathway leads to induction of cytoprotective genes, including NQO1. The upregulation of NQO1 ([Figure 6A and B](#fig6){ref-type="fig"}) may be in part responsible for the observed stabilisation of WT p53 by sulphoxythiocarbamates as NQO1 is a known regulator of p53 stability ([@bib2]). Importantly, although the KEAP1/NRF2 pathway and the heat shock response are two separate cytoprotective pathways, recent evidence suggests that they engage in crosstalk. Thus, HSP90 and KEAP1 interact upon heat shock, leading to activation of NRF2 ([@bib30]). It is possible that by direct binding, HSP90 protects the electrophilic stress sensor KEAP1 from potential damage during heat shock, and that the consequent activation of NRF2 is a contributing factor to the protective effect of heat shock against subsequent exposures to other forms of cell stress.

By inhibiting HSP90, sulphoxythiocarbamates activate the HSF1-dependent heat shock response as evidenced by the transcriptional upregulation of endogenous HSP70 and an HSE-dependent luciferase reporter, and by the absolute requirement for HSF1 for induction. Interestingly, in contrast to its mammalian counterpart, yeast HSP90 is devoid of cysteine residues, and specific cysteines of the yeast HSP70 chaperone Ssa1 serve as sensors for electrophiles, leading to HSF1 activation ([@bib43]). Activation of the heat shock response is a common feature of HSP90 inhibitors as HPSP90 is the major negative regulator of HSF1, and presents a major challenge in the development of HSP90 inhibitors and their clinical implementation as anticancer agents. Nonetheless, the destabilisation of mutant p53 and oncogenic kinases, which are overexpressed in tumours with high frequencies, represents an important mechanism of action of HSP90 inhibitors that have been shown to inhibit tumour growth in numerous preclinical cancer models, such as pancreatic, breast, lung, and melanoma, including intracranial metastases ([@bib29]; [@bib45]; [@bib26]; [@bib9]; [@bib11]; [@bib12]). The increased dependence on HSP90 and higher sensitivity to HSP90 inhibition of cancer cells in comparison with normal cells suggests a paradigm whereby HSP90 inhibitors may selectively target cancer cells while enhancing protection in normal cells via the upregulation of HSF1- and NRF2-dependent genes, collectively termed vitagenes ([@bib5]).

The identification of inhibitors of HSP90 as potential anticancer agents is an area of intense scientific research as they offer the attractive possibility of targeting multiple oncogenic pathways simultaneously. The dependence of numerous oncogenic proteins on this chaperone for their stability and function highlights the multitude of effects that inhibition of HSP90 can have on all aspects of tumour development. A number of HSP90 inhibitors have been or currently are in clinical trials, including derivatives of GA and purine analogues, and have shown promising outcomes in breast cancer, non-small-cell lung cancer, and multiple myeloma (for recent reviews, see [@bib18]; [@bib10]; [@bib48]). Our findings demonstrate that targeting specific cysteine residues of HSP90 with mildly electrophilic sulphoxythiocarbamates reduces the stability of its client oncoproteins, promotes apoptosis, and decreases cell proliferation. This type of interfering with the HSP90 function, by targeting its middle domain, the major site of interaction with client proteins, is radically distinct from all of the previously known modes of inhibition of the chaperone, which have been designed to target either its N-terminal or C-terminal domains. As a result of the central role of HSP90 in tumour biology, targeting the chaperone affects not only its own function, but also the ability of large networks of proteins that associate with it to perform their respective roles, further relaying and amplifying the initial 'cysteine-sensed\' signal.
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![**STCA destabilises the HSP90 client proteins HER2, RAF1, and mutant p53, and stabilises WT p53.** (**A**) Domain structure of human HSP90*β*. The N-terminal domain (NTD) is the site of binding of ATP and some co-chaperones. The middle domain (MD) is where many of the HSP90 client proteins and co-chaperones interact, and the C-terminal domain (CTD) contains a dimerisation motif. The white bars indicate the distribution and positions of the cysteine residues. (**B**--**D**) MCF7 cells (2.5 × 10^5^ per well) in six-well plates were exposed to vehicle (0.1% acetonitrile) or STCA for 16 h. Cells were then lysed in RIPA buffer, proteins in aliquots from cell lysates were resolved by SDS--PAGE, transferred to immobilon-P, and probed with antibodies against HER2, HSP70 (**B**), RAF1(**C**), and glycogen synthase kinase 3 (GSK3)*α*/GSK3*β* (**D**). (**E**) MDA-MB-231 cells (5 × 10^5^ per well) in six-well plates were treated with vehicle (0.1% acetonitrile) or STCA for 24 h. The levels of mutant p53 and HSP70 were detected by western blot analyses. (**F**) MCF7 cells (2.5 × 10^5^ per well) in six-well plates were treated with vehicle (0.1% acetonitrile) or STCA for 24 h. The levels of WT p53 were detected by western blot analyses. (**G**) MCF7 cells were treated with vehicle (0.1% acetonitrile) or 75 *μ*[M]{.smallcaps} STCA for 2, 4, 8 or 24 h. For all panels, the levels of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were also determined as a loading control. The data represent results from three independent experiments.](bjc2013710f1){#fig1}

![**STCA causes apoptosis and decreases cell proliferation.** (**A**) MDA-MB-231 cells (10^6^ per dish) in 6-cm dishes were treated with vehicle (0.1% acetonitrile) or 75 *μ*[M]{.smallcaps} STCA for 24 h and the levels of caspase 3 were determined in cell lysates. Data are from three independent experiments. *P*\<0.05 (Student\'s *t*-test). (**B**) MCF7 cells (5 × 10^3^ per well) in 96-well plates were treated with vehicle (0.1% acetonitrile, ○), 25 *μ*[M]{.smallcaps} (♦), 50 *μ*[M]{.smallcaps} (▴), or 75 *μ*[M]{.smallcaps} STCA (◊) for 24 or 48 h. Cell proliferation was assessed using the Alamar Blue fluorometric assay. \**P*\<0.001 for the STCA-treated relative to vehicle-treated cells. (**C**) Phase contrast microscope images of MCF7 cells treated with vehicle (0.1% acetonitrile) or 75 *μ*[M]{.smallcaps} STCA for 24 h. Scale bar=200 *μ*m.](bjc2013710f2){#fig2}

![**STCA does not affect the ability of HSP90 to bind ATP.** MCF7 cells (5 × 10^5^ per dish) in 6-cm dishes were exposed to vehicle (0.1% acetonitrile) or STCA for 24 h. Control treatments were also performed with vehicle (0.1% DMSO), 1 *μ*[M]{.smallcaps} GA and 0.8 *μ*[M]{.smallcaps} celastrol (CL). Cells were lysed and subjected to ATP pulldown using ATP-agarose beads. For the ATP pulldown and input samples, the levels HSP90 and GAPDH were determined by western blot analyses. The data represent results from three independent experiments.](bjc2013710f3){#fig3}

![**STCA modifies cysteine residues of HSP90.** Purified recombinant HSP90*β* was incubated with STCA for 2 h, dialysed to remove STCA, subject to click reaction with biotin azide, and digested by trypsin. The tryptic digest was incubated with avidin-coated beads. The captured peptides were eluted by 0.5 [M]{.smallcaps} acetic acid and analysed by MALDI-mass spectroscopy.](bjc2013710f4){#fig4}

![**STCA activates transcription through HSEs.** HeLa-luc cells (1.3 × 10^5^ per well) stably transfected with the luciferase gene under the control of the *HSP70.1* promoter containing the HSE, were exposed to STCA for 24 h in 12-well plates. (**A**) Luciferase activity was determined in cell lysates. The relative luminescence units (RLU) were quantified and normalised with respect to the vehicle control treatment and are expressed as the relative luciferase activity (treated/control ratio). Cells were also treated with celastrol (1.6 *μ*[M]{.smallcaps}) as a positive control. \**P*\<0.05 relative to the vehicle treatment. (**B**) The levels of endogenous HSP70 were determined in a parallel experiment by western blot analysis. GAPDH served as the loading control. The data are representative from three independent experiments.](bjc2013710f5){#fig5}

![**Induction of HSP70 and NQO1 (**A** and **B**) and inhibition of cell proliferation (**C** and **D**) by sulphoxythiocarbamates.** (**A**) WT (2.1 × 10^5^ per well) or (**B**) HSF1-KO (2.5 × 10^5^ per well) MEFs in six-well plates were exposed to vehicle (0.1% acetonitrile) or increasing concentrations of each sulphoxythiocarbamate for 4 h. Cells were lysed in RIPA buffer 20 h later, aliquots from cell lysates were resolved by SDS--PAGE, transferred to immobilon-P, and probed with antibodies against HSP70 and NQO1. GAPDH was used as a loading control. The data are representative from two independent experiments. (**C** and **D**) MEFs (10^4^ per well, in 96-well plates) were treated with vehicle (0.1% acetonitrile) or increasing concentrations of sulphoxythiocarbamates of the K-series (**C**) or the S-series (**D**) for 24 h. Cell proliferation was assessed using the Alamar Blue fluorometric assay. Data represent means±s.d. from six replicate wells. \**P*\<0.05 relative to vehicle-treated cells.](bjc2013710f6){#fig6}

![**S-4 induces transcription of *hsp70a1a* and *hsp70a1b,* causes destabilisation of HSP90 client proteins, and inhibits cell proliferation.** (**A**) WT MEFs (2.1 × 10^5^ per well) in six-well plates were exposed to vehicle (0.1% acetonitrile) or increasing concentrations of each sulphoxythiocarbamate for 8 h. Cells were then lysed and total RNA were extracted. The amount of mRNA for *hsp70a1a and hsp70a1b* was analysed by quantitative RT--PCR, using *β*-actin mRNA as an internal control. The mRNA from each sample was measured separately, in triplicate. Data represent means±s.d. and are expressed as ratio of the relative transcription units in treated over control samples. (**B**--**F**) Cells seeded in six-well plates at a density of 2.5 × 10^5^ per well (**B**, **D** and **E**) or in 6-cm dishes at a density of 10^6^ per dish (**C**) were exposed to vehicle (0.1% acetonitrile) or sulphoxythiocarbamates for either 24 h (**B** and **F**) or 16 h (**C**--**E**). Cells were lysed in RIPA buffer, proteins in aliquots from cell lysates were resolved by electrophoresis, transferred to immobilon-P, and probed with the specified antibodies. The data represent results from two independent experiments. (**G**) MCF7 cells (5 × 10^3^ per well) in 96-well plates were treated with vehicle (0.1% acetonitrile, ○), 2.5 *μ*[M]{.smallcaps} (♦), 5 *μ*[M]{.smallcaps} (▴), or 10 *μ*[M]{.smallcaps} S-4 (◊) for 24 or 48 h. Cell proliferation was assessed using the Alamar Blue fluorometric assay. \**P*\<0.001 relative to vehicle-treated cells.](bjc2013710f7){#fig7}

###### Chemical structures, HSP70 inducer (EC), and cell proliferation-inhibitory (IC~50~) activities of sulphoxythiocarbamates
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